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Abstract 
Microscopic observations of the cooling process in plant leaf cells have been performed using a directional solidification 
stage in order to study on the optimum freezing condition of living tissues. Till date, several studies on the freezing or 
melting of cells have been conducted. However, few researchers have studied cells near the freezing point. In this study, a 
temperature-controlled stage was created in order to investigate the effect of cell temperature on cytoplasmic streaming, 
and the cells of an aquatic plant (Egeria densa) were used. The result showed that cytoplasmic streaming is greatly 
affected by ambient temperature and shift in temperature conditions. Moreover, the velocity of cytoplasmic streaming has 
a peak value at a particular temperature, and it does not recover soon after heating from a cold state. 
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1. Introduction 
Cryopreservation is the preservation of biological cells by freezing, and it is a promising method that 
contributes to the fields of medical engineering and bio-industry [1]. However, techniques and procedures for 
cryopreservation are mostly empirical. Cryopreservation technology is established using only a small cell (e.g. 
sperm, ovum, oosperm and blood cell). In contrast, many cells or large tissues cannot survive recovery from 
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the deep-frozen state because of damage due to freezing (e.g. cell damage by intracellular freezing or 
extracellular freezing and salt injury). Thus, we need to study optimum cooling conditions to prevent injury 
due to freezing. However, few studies have been performed on the optimum cooling near the freezing 
temperature for tissues. In this study, we focused on cytoplasmic streaming in plant cells to study both the 
optimum cooling condition and the freezing mechanism in tissues. Cytoplasmic streaming means moving the 
contents of a cell without changing its shape [2]. Cytoplasmic streaming changes with temperature, and its 
flow velocity has a peak at a particular temperature [3]. However, no studies have been performed on 
cytoplasmic streaming behavior near the freezing temperature. 
In this study, cells from an aquatic plant were used as test cells because cytoplasmic streaming can be 
easily observed using chloroplasts in the cell. To observe cells at a pre-set temperature near the freezing point, 
a temperature-controlled stage was established [4]. In particular, cytoplasmic streaming was observed in detail 
in the cell under various temperature conditions. 
Nomenclature 
Ts temperature of the sample 
v  velocity of cytoplasmic streaming 
t time 
2. Experimental apparatus and procedures 
2.1. Experimental apparatus 
The experimental apparatus is shown in Figure 1. The apparatus consisted of a digital microscope (aigo 
EV5680B), a temperature-controlled stage, and a date logger connected to thermocouples. The digital 
microscope and the controllable stage were within a box at constant temperature, which was made using 
insulation materials. The temperature-controlled stage is shown in Figure 2. The temperature-controlled stage 
was consisted of a low-temperature base (made using a copper plate), a Peltier device, a heat sink, a coolant 
circulation system, a high-temperature base (made using an aluminum plate), thermocouples, a cartridge  
Fig. 1  The experimental apparatus .                     Fig.2  The temperature-controlled stage. 
heater, and a DC power source. The width of the gap between the two bases was 20 mm. The test sample was 
sandwiched between a cover glass and a slide glass. The slide glass was bridged between both the bases. The 










d = 20 mm
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contact thermal resistance. The Peltier device cooled the low-temperature base with a coolant in a chiller 
system. The cartridge heater heated the high-temperature base. The observation area of the digital microscope 
was 0.00862 × 0.00689 mm2. The frame rate for video capture was 7 fps. 
2.2. Temperature measurements 
The typical temperature distribution on the slide glass is indicated in Figure 3. The vertical and horizontal 
axes show the temperature and position of the thermocouples, respectively. The left edge of the slide glass is x 
= 0 mm. The surface temperature of the slide glass was measured at six points by using K-type thermocouples, 
which has a diameter of 0.32 mm. According to the preliminary tests, the accuracy of the temperature 
measurement was ±0.5 ˚C. The sample temperature was defined as the temperature at the center of the slide 
glass. The center temperature was calculated from the temperature gradient around the center of the test 
section. 
Fig. 3 Temperature distribution on the slide glass. 
2.3. Measurement of cytoplasmic streaming velocity 
In this study, velocities of the chloroplasts were measured to estimate cytoplasmic streaming 
characteristics. The chloroplast velocity was calculated from the difference in the locations of the chloroplast 
between two sequential images. The time interval between images was 2 ~ 4 s. 
2.4. Experimental conditions 
In this study, cells of Egeria densa (Figure 4) were used because Egeria densa can be easily obtained. The 
temperature range for the experiment was ï2.3 ~ 30 ˚C
3. Results and Discussion 
3.1. Verification of observable time 
The sample leaves had to be observed soon after they were cut from the stem, therefore, it was necessary to  
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Fig. 4 Egeria densa.
find the observable time for the test samples. Figure 5 shows the relationship between the velocity of the 
chloroplast and elapsed time after cutting. The temperature of the samples was 22 ± 1 ˚C. Both observation 
tests showed almost the same trend within 25 min from cutting. Moreover, it was revealed that cytoplasmic 
streaming is almost constant within 25 min after cutting. Therefore, all the tests in this study were performed 
within 20 min after cutting. 
Fig. 5 Relationship between the elapsed time after cutting and chloroplast velocity. 
3.2. Observation images 
Figure 6 (a) and (b) show the test sample in a high-temperature condition (Ts = 20.0 ˚C) and a low-
temperature condition (Ts = 1.7 ˚C), respectively. The red circles in the figure indicate the chloroplasts. Fig. (a) 
shows that the chloroplasts in the cell moved intensively. However, in the low-temperature condition (Fig. 
(b)), most of the chloroplasts were in severely impaired state. 
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                       t = 0 s                                            t = 6 s                                                       t = 0 s                                       t = 6 sec. 
                                         (a) Ts = 20.0 ˚C                                                                                           (b) Ts = 1.7 ˚C
Fig. 6 The observed images of chloroplasts. 
3.3. Velocity of chloroplasts with temperature 
The relationship between sample temperature and the velocity of chloroplasts is shown in Figure 7. The 
number of samples was 10, and the error bars represent the standard deviation from the mean. The  
experimental procedure was as follows: temperature of the observation stage was maintained at the pre-set 
temperature. Then, a sample leaf was placed on the center of the slide glass, and velocity data were obtained 
using video images under a steady-state condition. This figure showed that the chloroplast velocity increased 
with increasing temperature. Furthermore, when the sample temperature was 22.7 ˚C, the chloroplast velocity 
showed a maximum value of 1.90 ­m/s. 
Fig. 7 Relationships between the sample temperature and chloroplast velocity at a constant temperature. 
To determine the effect of temperature shifts on cytoplasmic streaming, experiments were performed by 
continuously changing the temperature of the sample (Figure 8). The blue and red plots in Figure 8 show the 
cooling and heating states, respectively. The cooling temperature shift was from 26 ˚C to 7 ˚C, and the heating 
temperature shift was from 5 ˚C to 19 ˚C. In the cooling state, the chloroplast velocity decreased with 
decreasing temperature. This is similar to the results of studies conducted using the roots of wheat. However, 
chloroplast velocity did not change during the heating state in the experimental range. Since cytoplasmic 
streaming was not stopped, we assumed that the cells did not die. As mentioned above, it is very interesting 
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that the flow velocity of the chloroplast was maintained at a low value in spite of an increase in temperature. 
To date, very few researchers have observed protoplasm flow with increasing temperature from a low-
temperature state. Although we did obtain important data in the present study, a more detailed experimental 
study needs to be performed to understand these phenomena.   
Fig. 8 Relationships between the sample temperature and chloroplast velocity at temperature shift condition. 
4. Conclusions 
Experiments were performed to investigate the basic characteristics of cytoplasmic streaming in aquatic 
plant cells. The following conclusions were drawn from the experimental data:  
1. In experiments with water plants, it is possible to obtain a reproducible phenomenon by performing the 
experiment within 20 min after cutting the samples from plants. 
2. The velocity of chloroplasts increased with increasing temperature, and a maximum value was observed 
at a particular temperature. 
3. In case of a drop in temperature, the velocity of cytoplasmic streaming decreases with decreasing 
temperature. However, when the temperature is increased from the low-temperature state, flow behavior is not 
affected immediately. 
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